Objective: Clinical indexes of autonomic activity are based on the analysis of sinus cycle length and of its variability. A common assumption underlying this practice is that neural activity and cycle length may be linearly related. Recent experimental evidence suggests that such an assumption may not be correct; indeed, the relation linking autonomic agonist concentration to cycle length was found to be strongly non-linear in single sinoatrial myocytes. In the present work, we (i) test compatibility of non-linearity of neural modulation of cycle length (CL) with previous experimental and clinical observations; (ii) evaluate its implications for what concerns the interpretation of time-and frequency-domain parameters of heart rate variability (HRV) and baroreflex sensitivity (BRS). Conclusions: Non-linearity of neural modulation of CL may result in an intrinsic rate-dependency of autonomic indexes, with the exception of normalised frequency-domain indexes (e.g. the low frequency / high frequency (LF / HF) ratio), which appear to be devoid of intrinsic ratedependency. This characteristic may not limit the value of HRV indexes and BRS in risk stratification, but has to be taken into account in their pathophysiological interpretation.
Introduction
transduced into CL changes. Whereas such a transduction process has been thus far considered as a linear one [3-5], The concept that sinus node pacemaker activity is under recent findings, summarised in Fig. 1 [6] , argue against control of the autonomic nervous system has promoted the this view, with potentially broad implications on the use of different measurements of sinus node cycle length interpretation of autonomic indexes currently in use. In (CL) to evaluate autonomic modulation of cardiovascular isolated pacemaker cells, steady-state superfusion with function. Among them, heart rate variability (HRV) paramacetylcholine increased pacemaking cycle length (Fig. 1a ) eters and baroreflex sensitivity (BRS) indexes are the most and its variability (Fig. 1b) concurrently. To explain this accepted and well-known ones [1, 2] .
observation, we developed a numerical model (which we Although dominated by it, sinus CL is a surrogate will refer to as 'the model') reconstructing changes in CL measurement of autonomic neural activity. Thus, a correct from the effect of acetylcholine on action potential parampathophysiological interpretation of HRV and BRS requires eters. By fitting the data with the model (solid lines in each knowledge of how neural input to the sinus node is panel of Fig. 1 ), we showed that changes in CL and in its variability could be simultaneously accounted for by acetylcholine effect on diastolic depolarisation rate (DDR; [6] ). In model simulation of this and of the following figures, the threshold potential for activation was set to the value measured in rabbit sinoatrial myocytes (13 mV) [6] . Fig. 1c ). This was essentially due to non-linearity of the 1. conversion of neuronal firing rate into neuromediator relation linking CL to diastolic depolarisation rate (Fig. concentrations available at the cell membrane; 1d), which resulted in amplified variability at longer CL.
2. conversion of neuromediator concentrations into In other words, CL and its variability may be intrinsically changes in pacemaker cycle length. interdependent. The model accurately reproduces such a relation, and will be amply exploited in this work to
The sum of these two processes determines the shape of achieve the following aims: (i) to confute the current the sinus node I / O relation. assumption that CL may be a linear index of neural To the best of our knowledge, direct information on the activity; (ii) to provide examples of how non-linearity of relation between neural firing rate and neuromediator such a relation, even if hypothetical, is compatible with a concentration at sinoatrial receptors (step 1) is not availnumber of clinical observations and might even explain able and may be extremely difficult to obtain. Indeed, local some apparently puzzling findings; and (iii) to discuss neuromediator concentrations cannot be reliably measured; whether and how the interpretation of currently used moreover, the number of variables involved (synapse autonomic indexes may be confused by the assumption of recruitment; neuromediator release rate, clearance rate, size linearity.
of the release store terminal, diffusion to distant receptors, etc.) is so large that heavy and unverifyable assumptions are required in modelling the process. Rather surprisingly, the relation between neuromediator 2. Relationship between neural activity and heart concentration and pacemaker cycle length (step 2) was, period thus far, consistently assumed to be linear [3] [4] [5] . This assumption may be unwarranted; indeed, as demonstrated The sinus node can be viewed as a signal transducer in single sinoatrial myocytes, cycle length is a non-linear which converts neural firing rate into changes of pacefunction of neuromediator concentration [6] . The question maker cycle according to a specific input / output (I / O) then is whether strong non-linearity of transduction step 2 relation. The transduction can be schematically divided can be reconciled with previous findings suggesting a into two sequential steps: substantial linearity of the whole sinus node I / O relation [3, 4, 7] . To answer this question we tested whether such and CL in chloralose anesthetised dogs [4] . Fluctuations of findings could be reproduced by modelling step 2 accord-CL in the interval between 300 and 500 ms could be ing to the non-linear relation detected in sinoatrial reconstructed from the vagal firing rate through a linear myocytes (Appendix A).
function whose parameters were arbitrarily set. Interesting- Fig. 2a shows the relation between vagal stimulation ly, the authors also stated that the linear function was rate and heart period presented by Warner and Cox [3] .
inadequate to predict larger CL changes (e.g. to 1 s). fluctuation between 300 and 500 ms generated either by function of vagal stimulation rate (step 1) and CL was assuming the sinus node I / O relation to be entirely linear assumed to be a linear function of acetylcholine con-(solid line), or by introducing the non-linear step 2 (dots). centration (step 2). The relation proposed by Warner and
The two curves are almost superimposed; this implies that Cox (Fig. 2a, solid line) , though adequate to account for for relatively small CL changes occurring at heart rates small CL changes, failed to account for large ones. Fig. 2b similar to those reported by Katona et al., linear dependenshows that the full range of CL changes reported by cy of CL on neural firing cannot be discriminated from Warner and Cox (dots) might be explained by model non-linear one. Nonetheless, the two models would subsimulations considering non-linearity of step 2 (solid line; stantially diverge in the case of larger CL fluctuations ( Fig.  see figure legend for details). According to the non-linear 2d). model, CL dependency on acetylcholine concentration
To summarize, experimental observations commonly becomes quite steep at long CLs; thus, the relation between quoted to support the assumption of a linear relation rate of vagal stimulation and acetylcholine concentration between efferent cardiac neural discharge and heart period (step 1) required to fit the data is a saturating one (inset of appear to be equally compatible with a non-linear one. Fig. 2b ). It is fair to stress that the model proposed by Thus, even if direct evidence concerning the features of the Warner and Cox and the non-linear one suggested here are whole transduction process may be difficult to obtain, the equally arbitrary; nonetheless, this analysis shows that the assumption of linearity seems largely unjustified and the data presented by these authors can be explained with potential consequences of a non-linear transduction process non-linearity of step 2.
should be carefully considered.
Katona et al. recorded simultaneously vagal firing rate
In the next paragraphs we will assume that the non- linear relation between neuromediator concentration and correlation. Indeed, large values of SDNN (or other CL (step 2) may dominate the whole transduction process.
indexes) are usually associated with relatively slow heart By using model simulations, we will discuss consistency rate and other signs of prevailing parasympathetic activity. of this assumption with clinical findings and evaluate its Nevertheless, the biological mechanism underlying such an potential impact on the pathophysiological interpretation of association has never been directly demonstrated. Reasonautonomic indexes.
able biological hypotheses may include: (i) acetylcholine mediated effects occur with a faster kinetics than those of catecholamines (faster receptor-effector coupling, faster 3. Pathophysiological interpretation of autonomic quenching of synaptic signal, etc.) [12] , thus having a indexes larger potential for inducing variability; and (ii) strong sources of variability in neural discharge (e.g. respiratory 3.1. Time domain indexes of HRV activity) are mediated by parasympathetic efferent fibers [13] . As an additional factor, non-linearity of the paceTime domain indexes of HRV are a measure of the maker response to autonomic agonists may contribute to dispersion of individual CLs around their mean. The the correlation between large SDNN values and vagal standard deviation of normal (sinus) RR intervals (SDNN) predominance. Indeed, the latter is generally associated is the simplest time domain index of HRV. Since the with bradycardia, which can amplify the effects on CL of fluctuation in the AV conduction time is usually negligible any source of variability affecting the sinus node [6] . The variability with multivariant analysis applied to a large A determinant support to the concept that time domain cohort of subjects from the Framingham study database indexes of HRV and in particular SDNN might be consid- [14] . Mean heart rate was found to be one of the two ered indexes of autonomic modulation has derived from strongest determinants of SDNN and, when reported on a the interpretation of results observed in numerous clinical semilog scale (ln SDNN vs. HR), the relation between studies. In 1987, Kleiger and co-workers reported that a SDNN and heart rate could be interpolated by a linear reduced SDNN of a 24-h recording has an independent function. The regression coefficient of such a function negative predictive value after myocardial infarction [9] .
indicated that SDNN may decrease by 0.17 ms per each 10 The reduction of HRV in high risk patients was associated beats / min increment in mean heart rate. The relation with a relatively faster heart rate with smaller day to night between mean heart rate and SDNN predicted by the variations. Both findings concurred to generate the hypothmodel closely reflected that observed by Tsuji et al. and esis that a reduced HRV could reflect an abnormal aulinear interpolation of its semilog plot yields a regression tonomic modulation of sinus node characterised by a coefficient of 20.16 ms per 10 beats / min [6] . Thus, the sympathetic predominance and by a reduced vagal tone.
correlation between SDNN and mean heart rate observed Several studies subsequently confirmed the predictive in man might essentially reflect rate-dependency of SDNN value of a reduced HRV, thus supporting the importance of values. autonomic imbalance in the genesis of cardiovascular
The impact of sinus node transducer properties on the events. However, even early studies indicated that HRV pathophysiological interpretation of SDNN measurements, was largely correlated with heart rate [10]; such a correlamay be illustrated by discussing the results of a recently tion has been thus far interpreted as a consequence of both published study on the 'autonomic' effects of the bradycarindexes being determined by autonomic balance. dic agent zatebradine in conscious rats [15] . Zatebradine is The presence of beat-to-beat variations in cardiac cycle a selective blocker of I [16] , a current contributing to f even during resting controlled conditions is due to the fact diastolic depolarisation in the sinus node [17] . Thus that the sinus node is continuously subjected to timezatebradine is expected to prolong CL, by depressing varying neural and (to a lesser extent) mechanical indiastolic depolarisation rate, independently of effects on fluences, which may be considered as the primary cause of the autonomic balance. Since SDNN and BRS values were HRV in vivo. Indeed, spontaneous CL variability of single both increased, and in spite of the unmodified low frepacemaker cells can be largely eliminated by a sort of quency / high frequency (LF / HF) ratio, the authors of this averaging process, due to electrotonic interactions among work concluded that zatebradine affects the autonomic different cells [11] . Accordingly, changes in HRV are balance. Although autonomic effects of zatebradine are generally assumed to represent either variations in the theoretically possible, it is difficult to rule out that the pattern of discharge of autonomic nerves, or changes in the observed changes were due to the direct effect of the drug ability of pacemaker cells to respond to stimulation by on sinus node pacemaker activity. Also relevant to this neuromediators. The association between increased HRV point are the effects of dobutamine on autonomic indexes and vagal predominance has been established by simple [18] . The drug-induced increase in arterial pressure, al- though expected to elicit a vagal reflex, was accompanied decrease in mean heart rate and increase in variability; by a reduction in HRV and BRS. This apparently paradoxihowever, unless disproportionately large, the change in cal finding might be explained by the drug-induced SDNN might be considered as an epiphenomenon of the increase in heart rate, whose effects on autonomic indexes change in mean heart rate. In this case, measurement of might override those of autonomic changes. Dobutamine time domain indexes of HRV would not add to the also failed to affect the LF / HF ratio, which should be information provided by the simpler assessment of mean theoretically decreased by baroreflex activation. While this heart rate. The need of correcting for rate-dependency of may not be ascribed to rate-dependency of this index (see HRV indexes has been appreciated in some studies, in below), the direct effects of dobutamine on the sinus node which HRV has been expressed as the coefficient of might still confound its response to the periodic influence variation of RR intervals (CVNN). Unfortunately, CVNN of neural activity. may retain a significant rate-dependency (Fig. 3b) [6] ; The examples in which concomitant changes in mean thus, it may also prove inadequate as an independent CL might complicate the interpretation of SDNN (or autonomic index. pNN50) changes as 'autonomic effect' are many. This
It is fair to stress that what has been discussed thus far applies particularly to studies evaluating drugs which may does not imply that changes in time domain HRV indexes 21 1 have direct effects on sinus pacemaking (e.g. Ca or Na are exclusively due to their intrinsic rate-dependency; channel blockers); due to rate-dependency of the indexes, indeed they can occur independently of heart rate. A the latter might either mimic or mask changes in austriking example of this may be extreme depression of tonomic activity. The predicted impact of changes in the HRV observed in advanced stages of heart failure, far too activation threshold of pacemaker cells on SDNN, as those large to be justified by the heart rate levels usually 21 expected from Ca channel blockade, are illustrated for observed in this condition [1, 20] . example in the inset of Fig. 3a . The interpretation of Irrespective of their pathophysiological interpretation, changes as an 'autonomic' effect may be more justified time-domain indexes of HRV have been indisputably when the LF / HF ratio is also affected by the drug [19] .
shown to predict risk in a variety of cardiac diseases, Nonetheless, it is still possible that such an effect may including myocardial ischemia and heart failure. As menrepresent a change in the cellular response to autonomic tioned above, this has been assumed to indicate the agonists (at receptor or post-receptor levels), rather than a involvement of autonomic imbalance (with sympathetic different pattern of neural activity. predominance) in the pathogenesis of life threatening Vagal predominance does usually produce concomitant events, or in the progression of organ damage. Since sinus node pacemaker function may not be directly altered by of CL values, generated by the model at different mean the disease, such an assumption appears to be largely heart rates, were analysed with autoregressive spectral justified, and untouched by the above considerations.
techniques [22] . Examples of the spectra obtained at three heart rates are shown in Fig. 4 . Total and single component 2
Frequency-domain indexes of HRV
powers, expressed in ms , were steeply proportional to HR, whereas the LF / HF ratio, though oscillating in a Neural activity causing HRV is periodic, with sympanarrow range, was not systematically affected by mean HR thetic and parasympathetic components oscillating at dif- (Fig. 5) . Thus, consistently with the observations discussed ferent frequencies. The purpose of the frequency domain above, the frequency contents of neural input to the node analysis of HRV (spectral analysis) is to dissect HRV in its and of CL series are expected to largely coincide, and the specific frequency components. This analysis defines the LF / HF ratio to be a rate-independent index of neural 2 variance, often referred to as 'power', in absolute (ms ) or modulation. normalised units (power of individual spectral components
It is important to stress that, as spectral power expressed divided by total power minus aperiodic components), in absolute units is steeply dependent on mean CL, the contained in each frequency component. When considering interpretation of its changes may suffer from the same short-term recordings obtained in stationary conditions, the ambiguities discussed for time-domain HRV indexes [23] . HRV spectrum is characterised by three major components Thus, the fundamental parameters that can be derived from at high (HF), low (LF) and very low (VLF) frequency [1] .
spectral analysis of RR interval series, although all related Extensive experimental and clinical evidence has shown that: (i) HF is synchronous with the respiratory cycle (respiratory sinus arrhythmia) and it is mainly supported by vagal activity; (ii) LF is largely correlated with sympathetic efferent activity; and (iii) VLF may sometimes be referred to an abnormal respiratory pattern, but more often, cannot be clearly attributed to a specific neural component [1] . When considering 24-h recordings, most of the power (up to 90%) is contained within the ultra-and very lowfrequency range. Under this condition, LF and HF components account for less than 10% of total power, thus making their appraisal more difficult and unsuitable to assess autonomic modulation of sinus node.
Though limited information is available, it is interesting to consider how the periodicity detected in HRV may be related to periodicity in autonomic neural discharge. Neural recordings in cats [21] show that, when the frequency component synchronous with each cardiac cycle was filtered off, the two principal rhythmical components of HRV were also detectable in the pattern of discharge of sympathetic and vagal fibres. In addition, a reflex increase in sympathetic activity was associated with an increase not only in the absolute number of impulses per unit time, but also in the rhythmical component corresponding to LF. Similarly, a hemodynamic manoeuvre associated with reflex vagal activation determined not only an increase in the number of impulses, but also in the amplitude of the oscillations in neural discharge synchronous with HF [21] . These observations suggest that, in the case of frequency content, the transduction of neural activity into HRV may be largely linear. To test this hypothesis, the sum of two periodic (sin) components at frequencies corresponding to LF and HF was introduced, as an additional source of balance are to be discriminated from variations in sinus node intrinsic pacemaker function (e.g. bradycardic agents, etc.). However, as all normalised indexes, LF / HF would affected by mean heart rate, the model was used to not detect a loss of nodal responsiveness to neural inputs calculate the response of CL to a 'neural' baroreceptor or a reduced variability of neural input to the node, as it response curve. The simulations were developed by conmay occur in end stage heart failure, diabetes and CNS sidering the relation between carotid blood pressure and disorders, etc. [1, 20, 23] . Total power (variance) may efferent vagal discharge rate ('neural' baroreceptor curve) instead be highly valuable for evaluating such aspects, but as sigmoidal [27] and the one between DDR of sinus cells dependency on mean heart rate must be taken into account and cleft acetylcholine concentration as linear [6] . Since no when interpreting its changes.
information was available, we assumed efferent vagal discharge to be, at least in the interval of interest, linearly 3.3. Baroreflex sensitivity related to acetylcholine concentration at the effector synapse. Fig. 6 shows curves constructed from the same Baroreflex sensitivity (BRS) is commonly measured as 'neural' baroreceptor curve, but starting from different the extent of CL prolongation induced by pharmacological mean heart rates. At a basal heart rate of 90 beats / min, the or mechanical modulation of carotid arterial pressure.
slope of the linear portion of the curve (BRS) was Thus, also in the case of BRS measurements, CL is significantly smaller than at 70 beats / min. Thus, the same assumed to reflect changes in neural activity induced by 'neural' baroreceptor response might produce different baroreceptor activation, which we will refer to as 'neural' BRS values (estimated from CL changes) as a function of baroreceptor response. Animal studies [24] have led to a basal heart rate. This would clearly affect the interpretation widespread use of BRS as an index of autonomic balance of BRS changes whenever these are associated with in the experimental and clinical settings [25, 26] . This changes in mean heart rate. conception provided grounds for interpreting the increase in BRS induced by zatebradine as a shift toward prevailing parasympathetic activity [15] . Although such an interpreta-4. Conclusions tion cannot be conclusively ruled out, the lack of concomitant changes in the LF / HF ratio is certainly not consistent Due to its relation with the action potential parameters with it. Thus, the alternative hypothesis that the observed affected by acetylcholine and catecholamines, sinus CL (or increase in BRS might simply be secondary to CL RR interval) might depend on neural activity in a nonprolongation should be considered.
linear fashion. This would imply an intrinsic rate-depenTo test the extent to which BRS measurements might be dency of time-domain HRV indexes and BRS, which would confuse their pathophysiological interpretation. constant ('DDR level'). Random values were fractions of Critical reappraisal of previous experimental and clinical 'DDR level' (DDR level times a random fractional numobservations is compatible with this hypothesis; moreover, ber), as required by the observation that the coefficient of the latter provides an interpretation for apparent inconsisvariation of DDR was unchanged by ACh [6] . In the tencies in the behavior of autonomic indexes under specific simulations concerning the frequency-domain analysis conditions. Thus, the concepts proposed here should be (power spectra) diastolic depolarisation rate (DDR) was carefully considered whenever sinus CL changes are used made to oscillate according to the sum of two (in phase) as a surrogate measurement of autonomic neural activity.
sin functions: LF50.1 Hz (amplitude51), HF50.25 Hz The appreciation of the rate-dependency of BRS and time-(amplitude50.5). Such oscillators were superimposed to domain HRV indexes does not detract from their value in random DDR variability. risk stratification in the clinical setting, but it might To summarize, CL variability was determined in the suggest their potential redundancy with mean heart rate model by (i) random1periodic beat-to-beat variations of measurements. These limitations do not apply to LF / HF DDR; (ii) beat-to-beat variations of APD, secondary to the ratio, which may not be intrinsically dependent on heart changes in diastolic interval. rate.
It should be stressed that further complexity in the sinus node transduction process may arise from sensitivity of References pacemaker discharge to the timing of pulsatile neural activity [28] and from functional inhomogeneity within the been discussed here. 
